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Gyro Materials 
Considerations of torques due t o  1) a f i x e d  charge on a sphere 
i n  an electric f i e l d ,  2)  induced cu r ren t s  i n  a conductive sphere r o t a t i n g  
i n  a magnetic f i e l d ,  and 3) induced c u r r e n t s  i n  a conductive sphere 
r o t a t i n g  i n  an electric f i e l d  have e s t a b l i s h e d  a range of material elec- 
t r i c a l  r e s i s t i v i t y  of  IO < p l o lo  ohm cm.  BY using a passive tempera- e 
t u r e  s t a b i i i z a t i o n  technique of  con t ro i i i ng  the  s o i a r  a b s o r p t i v i t y  Q to 
a thermal emis s iv i ty  8 o f  mul t i l aye r  coa t ings  on the satel l i te  gyro, 1 ,2 
d e s i r e d  ope ra t ing  temperature range between the  approximate temperature 
l i m i t s  -80 C t o  100 C can be engineered. 
has  n o t  y e t  been e s t a b l i s h e d ,  a search for m a t e r i a l s  which have accept- 
a b l e  e l e c t r i c a l  r e s i s t i v i t y  within t h e  above temperature l i m i t s  has been 
i n s t i t u t e d .  The materials germanium, s i l i c o n ,  and t i t an ium dioxide,  
when properly doped, and c e r t a i n  g l a s s e s  are among a number which appear 
3 
0 0 Since the  ope ra t ing  temperature 
t o  s a t i s f y  the  electrical  r e s i s t i v i t y  requirements.  A sodium s i l icate  
3 
g l a s s ,  
r e s i s t i v i t i e s  of  3 x 10 
Ex t rapo la t ing  by means of  a b e s t  f i t t i n g  curve given by p = 
where p i s  the  t e s i s t i v i t y ,  T t he  abso lu te  temperature,  and po and Q are 
composed of  60% S i  02, 30% Na 0 ,  and 10% Ca 0 has measured 2 
ohm cm a t  5OoC and 5 x 10 6 2 0 ohm c m  a t  300 C .  
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S t a b i l i z a t i o n  of Highly Reflect ing S a t e l l i t e s , "  Journ.  Opt. SOC. Am. 49, 
(September , 1959) pp. 918-924. 
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3Goldsmith, A.  , Waterman, T .E .  , Hirschorn, H. J . ,  Handbook of  
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c 
2 
10 
cons tan t s ,  t he  upper r e s i s t i v i t y  &h i t  of  10 
- 4 O O C .  The lower l i m i t  of 10 ohm cm i s  obta ined  a t  27OoC. Hence, a 
s a t e l l i t e  made o f  t h i s  g l a s s  could ope ra t e  a t  any given temperature 
between -4OOC and 27OoC. 
ohm cm i s  obta ined  a t  
3 
I n  add i t ion ,  t hese  ma te r i a l s  m u s t  s a t i s f y  o t h e r  p r o p e r t i e s ,  
one of t h e  most important  being high mechanical damping. 
and gyro spin-up and a f t e r  any micrometeorite c r a t e r i n g ,  t h e  gyro 
angular  momentum vec to r ,  instantaneous s p i n  vec to r ,  and symmetry a x i s  
vec tor  w i l l  no t  i n  gene ra l  be a l igned .  
e l a s t i c  v i b r a t i o n s  due t o  gyroscopic a c t i o n  cause energy d i s s i p a t i o n  
and consequent realignment of these vec to r s ,  w i l l  be used. 
approximation f o r  t he  t i m e  requi red  f o r  t he  gyro symmetry a x i s  vec tor  
t o  a l i g n  i t s e l f  from an i n i t i a l  angle Q i  t o  a f i n a l  angle  9 
r e s p e c t  t o  the  angular  momentum ax i s  i s  given by 
A f t e r  launch 
The inhe ren t  damping, i n  which 
A good 
wi th  f 
4 
i s  the  gyro s p i n  f r e -  ' wo where C i s  the  gyro po la r  moment of i n e r t i a  
quency, y i s  the  damping f a c t o r  defined by the f r a c t i o n  of  t he  e l a s t i c  energy 
d i s s i p a t e d  t o  t h e  amount of  energy s t o r e d  per  cyc le ,  and W i s  the  t o t a l  
e l a s t i c  s t r a i n  energy of t he  gyro. 
The more f a m i l i a r  and common t e r m  Q w i l l  be used t o  r e p l a c e  
the  damping f a c t o r  y by the  r e l a t i o n  Q = m/y. 
experiment,  a 12-inch diameter gyro r o t a t i n g  a t  100 H, approximate 
For condi t ions  of  t h i s  
4 Thompson, W .  T .  and Re i t e r ,  G .  S . ,  "At t i tude  D r i f t  of Space 
Vehicles ,"  J .  Ast ronaut .  S c i . ,  1 29-34 ( 1 9 6 0 ) .  
3 
c a l c u l a t i o n s  of  W i n d i c a t e  t h a t  for damping t i m e s  T of  about h a l f  a day, 
w i th  €Ii fi: 5 O  and €If  = 0 . 1  arc  second, a value o f  1/Q l a r g e r  than about 
5 x i s  r equ i r ed .  More exac t  c a l c u l a t i o n s  o f  W a r e  now being 
undertaken. 
Among t h e  more promising high damping f a c t o r  materials are 
t h e  g l a s s e s .  Among o t h e r  t h ings ,  1 / Q  i s  a func t ion  of  t h e  e las t ic  
v i b r a t i n g  frequency which, f o r  the gyro,  i s  given by [ (A-C)/A]w cos6. 
P resen t  gyro parameters i n d i c a t e  a v i b r a t i o n  frequency of about 1 t o  3 Hz. 
Glass has a maximum value f o r  1/Q of  about 4 x 10 
0 
-3 i n  t h i s  range o f  
and a t  room temperature. A t  -1OOOC t h e  value drops t o  f requencies  5 ,6 ,7  
-3 
about 2 x 10 . 
I n  o rde r  t o  check t h i s  r e su l t ,  a four-foot  t o r s i o n a l  pendulum 
c o n s i s t i n g  o f  a f i n e  s t r a n d  of pyrex g l a s s  was constructed w i t h i n  a 
vacuum chamber and the logarithmic decrement 6 = lT/Q was measured a t  
room temperature.  The n a t u r a l  frequency of  the pendulum w a s  about 
0 .3  Hz, a t  which a measured value of  .0043 f o r  1 / Q  was obtained,  a s  
compared with a value o f  .004 a t  the same frequency from re fe rence  5. 
Hence, i t  appears t h a t  a g l a s s  gyro r o t o r  can s a t i s f y  t h e  damping 
requirement and poss ib ly  the  r e s i s t i v i t y  requirement.  The l a t t e r  w i l l  
be checked by measuring a sample  o f  t h e  g l a s s .  
5Zener, C .  , E l a s t i c i t y  and A n e l a s t i c i t y  of Metals ,  (Universi ty  
%ennewitz, K .  and G t g e r ,  H . ,  "Uber d i e  Innere Reibung f e s t e r  
o f  Chicago P r e s s ,  1948) p .  55. 
G r p e r ;  Absorptionsfrequenz von Metallen i n  akust ischen Gebiet," Phys. 
Z e i t s c h r . ,  37, 578 (1936). 
7Forry,  K .  E .  , "Two Peaks i n  the  I n t e r n a l  F r i c t i o n  as a 
Funct ion of  Temperature i n  Some Soda S i l i c a t e  Glasses," Am. C e r a m .  SOC., 
- 40, [ 31 , 90-94 (1957) e 
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I n  order  t o  discover  any problems a s soc ia t ed  wi th  the  u s e  of  
g l a s s  under severe  c e n t r i f u g a l  s t r e s s ,  g l a s s  d i sks  were spun t o  the  
bu r s t ing  po in t  i n  a motor-driven t e s t  f i x t u r e .  According t o  e l a s t i c i t y  
theory,  t h e  maximum stress fo r  a s o l i d ,  spinning sphere i s  a t  t he  cen te r  
and i s  approximately given by 
8 
= w2r2 (7+5$ .E& 
('max 
where p i s  the  d e n s i t y ,  U) i s  the  angular s p i n ,  r i s  the  r a d i u s ,  and p i s  
Poisson ' s  r a t i o .  For a t h i n ,  s o l i d  d i s k ,  t he  maximum stress i s  a l s o  a t  
the  cen te r  and i s ,  t o  good approximation, 
2 2  
('max = Pm r (Y). 
For g l a s s ,  p w  0.16 so t h a t  the  bracketed f a c t o r s  become 0.425 and 0.395 
f o r  t he  sphere and d i s k ,  r e spec t ive ly .  Hence, the  maximum stresses a r e  
n e a r l y  the  same f o r  i d e n t i c a l  m a t e r i a l s ,  diameters ,  and sp in  speed, which 
j u s t i f i e s  t he  u s e  of  d i sks  f o r  t h i s  test .  
Adequate p ro tec t ion  was provided t o  absorb the  energy when the  
g l a s s  s t r u c t u r e  f a i l e d .  The g l a s s  d i s k s  were made of ord inary  p l a t e  
g l a s s  window, 12 inches  i n  diameter and 1/8- inch t h i c k .  An aluminum 
s p i n d l e  was bonded a t  t he  center of t he  g l a s s  d i sk  and the  r e s u l t i n g  
s t r u c t u r e  was checked f o r  balance about the  sp ind le .  The f i r s t  g l a s s  
d i s k  sample was spun about i t s  a t tached  sp ind le  and the  speed slowly 
inc reased  to  166 r p s ,  a t  which point  the  g l a s s  d i sk  s h a t t e r e d  i n t o  small 
'Chree, C .  , Cambridge P h i l .  SOC. Trans. , Vol. 14, P a r t  3, 
(1889), p .  292. 
5 
p a r t i c l e s .  The second s a m p l e ,  which was not  balanced a s  w e l l  a s  t he  
f i r s t ,  f a i l e d  a t  145 r p s .  The maximum stresses f o r  t he  d i s k  and sphere 
spinning a t  150 r p s  are about 3,200 p s i  and 3,400 p s i ,  r e s p e c t i v e l y .  
t he  s p i n  speed i s  reduced t o  100 r p s ,  the  maximum stress f o r  t h e  sphere 
becomes 1,530 p s i  s i n c e  the  stress i s  p ropor t iona l  t o  t h e  square of the 
sp in  ra te .  These tests t e n t a t i v e l y  i n d i c a t e  an upper s p i n  speed l i m i t  
of  about 100 rps  f o r  the s p h e r i c a l  g a l s s  s a t e l l i t e ,  w i th  an adequate 
s a f e t y  f a c t o r .  Further s p i n  tests w i l l  be conducted wi th  b e t t e r  
balanced d i s k s  and w i t h  the a c t u a l  material  when i t  has f i n a l l y  been 
s e l e c t e d .  
when i t  has been f i n a l l y  s e l e c t e d  f o r  i t s  proper volume r e s i s t i v i t y  a t  
t h e  s a t e l l i t e  ope ra t ing  temperature. 
I f  
Further  s p i n  tests w i l l  be conducted wi th  the  a c t u a l  m a t e r i a l  
S a t e l l i t e  Observation Times and Mirror Normal Angles 
A d i g i t a l  computer program has been w r i t t e n  t o  determine 
t y p i c a l  t i m e s  of  obse rva t ion  o f  a sun l igh t - i l l umina ted  s a t e l l i t e .  A t  
each i n s t a n t  of t i m e  t h e  s a t e l l i t e  i s  observable ,  the following 
q u a n t i t i e s  are computed: t he  s l a n t  range and e l e v a t i o n  of the s a t e l l i t e ,  
t he  u n i t  vector  normal t o  a hypothet ical  mirror  on the s a t e l l i t e  which 
w i l l  r e f l e c t  s u n l i g h t  t o  t h e  observing s t a t i o n ,  and t h e  angle  of  incidence 
of s u n l i g h t  on the  mi r ro r .  On a given pass ,  a n  a c t u a l  observat ion i s  
p red ic t ed  i f  one o r  more o f  t h e  sa te l l i t e ' s  mirror  normals lie i n  t he  
range of the hypo the t i ca l  values  c a l c u l a t e d .  
Prel iminary resu l t s  show t h a t  f o r  an e q u a t o r i a l  o r b i t  of 1,000 km 
a l t i t u d e ,  an average o f  t h ree  observations a day may be poss ib l e  from a 
t r a c k i n g  s t a t i o n  a t  5 1 6  0 l a t i t u d e .  
6 
Gas Drag 
The work on gas drag reported i n  t h e  Semiannual S ta tus  Report 
f o r  t he  per iod 1 January 1965 through 30 June 1965 has been extended t o  
include the  e f f e c t s  of  non-uniform heat ing and o r b i t a l  regress ion .  This 
work has been completed and i s  a v a i l a b l e  from t h e  Coordinated Science 
Laboratory.  When appl ied  t o  the  aerodynamic a n a l y s i s ,  t he  o r b i t a l  
regress ion  a n a l y s i s  r evea l s  the  necessary o r b i t a l  parameters needed to  
minimize the aerodynamic torque. The non-uniform hea t ing  e f f e c t  i s  of  
t he  same c l a s s  a s  sur face  roughening by dus t  p a r t i c l e s ,  r a d i a t i o n  damage, 
and o the r  e f f e c t s  which cause loca l ized  changes i n  the  sur face  accommo- 
da t ion  c o e f f i c i e n t ,  poss ib ly  giving r ise to  a torque.  The non-uniform 
hea t ing  a n a l y s i s ,  t he re fo re ,  provides an example of t h e  precession t o  be 
expected from t h i s  class of ex te rna l  e f f e c t s .  
4 
The s a t e l l i t e  s p i n  a x i s  p a r a l l e l  t o  the  sun l i n e  and i n  the  
o r b i t a l  plane,  a s  shown i n  F ig .  1, was taken a s  the  worst  case i n  calcu- 
l a t i n g  the  non-uniform hea t ing  e f f e c t .  The ha l f - su r face  always i n  the  
sun l igh t  was assumed t o  have a uniform temperature and accommodation 
c o e f f i c i e n t  higher  than the  o the r  ha l f - su r face  not  i l lumina ted  by the 
sun ' s  r a y s .  The aerodynamic torque equat ions i n  a non-regressing o r b i t  
were then employed t o  f i n d  the  maximum t o t a l  angular  precession occur- 
r i n g  i n  one year .  
t i o n  of the  sp in  a x i s  v a r i e s  from zero to  a maximum i n  a period of  ha l f  
a yea r .  The maximum value,  shown i n  F ig .  2 ,  i s  seen t o  depend upon t h e  
The precession r a t e  i s  pe r iod ic  and the  angular devia- 
'Karr, G ,  R . ,  11 Aerodynamic Torque on a Spinning Spher ica l  
S a t e l l i t e  with Applicat ion t o  Measurement of  Accommodation Coef f i c i en t s  ," 
Report R-295, Coord. Science Lab., Universi ty  of I l l i n o i s ,  Urbana, I l l i n o i s ,  
May, 1966. 
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Shadow of E a r t h  
F i g .  1. Diagram of nonuniform solar  heating e f f e c t  for s a t e l l i t e  i n  
equator ia l  o r b i t .  
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F i g .  2.  Aerodynamic precession due t o  nonuniform s o l a r  hea t ing  vs. 
a l t i t u d e .  
9 . 
accommodation c o e f f i c i e n t  d i f fe rence  and the  o r b i t a l  a l t i t u d e .  A t  600 
m i l e s ,  however, t he  precess ion  can be kept  t o  less than one-tenth t h e  
Schiff  e f f e c t  i f  the  accommodation c o e f f i c i e n t  d i f f e r e n c e  i s  less than 
.01, a value which i s  reasonable i n  view of t h e  experimental  da t a  
a v a i l a b l e  on t h i s  e f f e c t .  
The o r b i t a l  r eg res s ion  ana lys i s  app l i ed  t o  t h e  aerodynamic 
torque problem results i n  so lu t ions  which a r e  s i m i l a r  t o  the  g rav i ty  
g rad ien t  a n a l y s i s .  The s o l u t i o n s  a r e  separable  i n t o  two p a r t s .  One 
t e r m  w i l l  be of t he  same type a s  for t h e  non-regressing o r b i t .  
o t h e r  p a r t  o f  t he  s o l u t i o n  w i l l  contain t e r m s  of the  o r b i t a l  regress ion  
frequency. These l a s t  terms have magnitudes dependent upon the o r b i t a l  
parameters and cannot,  i n  gene ra l ,  be neglected.  
t hese  magnitudes low, c e r t a i n  to le rances  a r e  imposed on the o r b i t a l  
parameters. For example, f o r  t h e  polar  o r b i t ,  the  following condi t ion 
i s  obtained: 
The 
I n  order  t o  keep 
A€/svd = 2(-26 i.056 i )  a r c  sec (2 1 
where AE i s  the  s a t e l l i t e  s p i n  ax is  devia t ion  from i t s  o r i g i n a l  or ien-  
t a t i o n ,  ad i s  the  accommodation c o e f f i c i e n t ,  6 i s  the  s p i n  a x i s  devia t ion  
i n  r ad ians  from the  o r b i t a l  plane,  and i i s  the  i n c l i n a t i o n  i n  rad ians  
of  t h e  o r b i t a l  plane normal to  the e q u a t o r i a l  plane.  For a given AC/a 
equat ion  (2) e s t a b l i s h e s  the  tolerances f o r  the  o r b i t a l  parameters 6 
and i. 
d 
. 
I . 10 
Nondegenerate Mirror  Configuration 
The previously proposed mirror conf igu ra t ion ,  using m i r r o r s  
i d e n t i f i e d  as the f a c e t s  o f  a t runcated icosahedron, has  involved a 
degeneracy of mirror-normal-to-spin-axis ang le s .  For example, t h e  
choice o f  t h e  normal t o  one of  the pentagonal f a c e t s  as the  s p i n  axis 
hiis invoived a f ive - fo id  degeneracy, t h e r e  being f i v e  f a c e t s  a t  each 
angle  f o r  s i x  angles ,  not  counting the  s p i n  f a c e t s .  
the s p i n  a x i s ,  ranging from s e v e r a l  seconds of  arc  t o  a s  much as 900 
Any e r r o r  i n  f i x i n g  
seconds, would provide a p a r t i a l  s p l i t t i n g  o f  t h e  degeneracy, p a r t i a l  
i n  the  sense  t h a t  t h e  g l i t t e r  f l a s h  p a t t e r n  would be broadened i n t o  a 
complicated d i f f i cu l t - to -ana lyze  p a t t e r n ,  as descr ibed previously.  10 
The d i f f i c u l t y  i n  ana lys i s  of  such p a t t e r n s  i s  no t  one o f  
p r i n c i p l e ,  b u t  may r e q u i r e  t h e  a n a l y s i s  o f  p h o t o e l e c t r i c  da t a  i n  a d d i t i o n  
t o  the photographic d a t a ,  because of t h e  l i m i t e d  r e s o l u t i o n  i n  the  l a t te r .  
Such a n a l y s i s  could prove very cos t ly .  Removal o f  t h e  degeneracy could 
be achieved by p l ac ing  the s p i n  ax i s  away from any f a c e t  normal by more 
than t h e  0.25O (900 seconds) f i g u r e .  The result could,  f o r  t he  same 
mi r ro r  conf igu ra t ion ,  be 32 d i f f e r e n t  mi r ro r  angles  wi th  a f i v e - f o l d  
r educ t ion  i n  t h e  number o f  f l a s h e s  in  each p a t t e r n .  While the re  would 
be a s l i g h t l y  more than f i v e - f o l d  increase i n  t h e  number of o p p o r t u n i t i e s  
(angle d i v e r s i t y )  t o  make f l a s h - p a t t e r n  obse rva t ions ,  t he re  i s  some 
doubt as t o  whether t h e  observing net could e x p l o i t  t h i s  i nc rease  e f f e c -  
t i v e l y .  Also,  s i n c e  the  ind iv idua l  f l a s h e s  would no t  be resolved,  t h i s  
'OProg. Report f o r  March, A p r i l ,  May, 1965, p .  16, Coord. 
Science Lab., Un ive r s i ty  of  I l l i n o i s ,  Urbana, I l l i n o i s .  
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degeneracy removal would c o s t  a f i ve - fo ld  reduct ion i n  photographic 
exposure. 
of  degeneracy removal 
Such a l a r g e  c o s t  i s  felt t o  be d e c i s i v e  a g a i n s t  t h i s  means 
The choice of  a fewer number of  f a c e t s  reduces the  c o s t ,  i n  
terms of a sacr i f ice  i n  photographic b r igh tness ,  f o r  removing redundancy. 
The five-Eold l o s s  i n  number of  f a c e t s  i s  almost e x a c t l y  made up by a 
s l i g h t l y  more than f i v e - f o l d  g a i n  i n  i nd iv idua l  f a c e t  a r e a  through 
choosing a cube of  t h e  same weight a s  the t runcated icosahedron. There 
s t i l l  remains the s i x - f o l d  d i v e r s i t y  o f  f a c e t  angles .  An a l t e r n a t e  
choice-would be the t e t r ahedron  o f  t h e  same weight,  bu t  w i t h  four  f a c e t s  
each o f f e r i n g  8VL i nc rease  i n  a r e a  over the i n d i v i d u a l  cubic  f a c e t s ,  
bu t  a l s o  o f f e r i n g  only a fou r - fo ld  d i v e r s i t y  i n  angles. 
have s p h e r i c a l  f i g u r e s  of  i n e r t i a .  
These two a l s o  
A comparison i n  m e r i t  f o r  t hese  two i s  no t  a l t o g e t h e r  s t r a i g h t -  
forward, however. The l o s s  i n  angle d i v e r s i t y  f o r  t he  t e t r ahedron  could 
be important f o r  t h e  proposed observat ion n e t .  
be t h e  case t h a t  one would want t o  "round-off t h e  corners" of  t hese  
f i g u r e s  t o  make the  stress p a t t e r n ,  under high-speed r o t a t i o n ,  conform 
more n e a r l y  t o  t h a t  f o r  s p h e r i c a l  o b j e c t s .  Such a dec i s ion  w i l l  
s e r i o u s l y  damage the  apparent  a r ea  advantage of t he  te t rahedron.  The 
cho ice  appears t o  l i e  wi th  t h e  cube. 
Also, i t  w i l l  undoubtedly 
A dec i s ion  t o  "round-off t h e  corners" of t he  cube o f f e r s  t he  
oppor tun i ty  t o  make p a r t  of t h e  su r face  i n t o  a s p e c u l a r l y  r e f l e c t i n g  
sphe re .  
o b j e c t  a t  such t i m e s  t h a t  t he  g l i t t e r  f l a s h e s  would not  be observed, 
This p a r t  of t h e  su r face  could then be used t o  photograph the  
I 
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using a t racking camera, and obtaining supplementary o r b i t  da t a .  Such 
data  could be e s p e c i a l l y  he lp fu l  during the  e a r l y  days of  t he  experiment.  
For a camera t racking  with an angular speed e r r o r  of E percent ,  
t he  e f f e c t i v e  exposure t i m e  i s  (lOO/,)er/v, i n  which 9 i s  the  r e s o l u t i o n  
of  t h e  camera, about 25 x 10 m/0.5m = 5 x 10 
range,  taken t o  be 2500 km, and v i s  the  o r b i t a l  speed taken t o  be 
7.5 km/sec. 
6 -5 r ad ian ,  r i s  the  s l a n t  
I f  the  luminous f l u x  i s  F a t  the  sa te l l i t e ,  taken t o  be 
5 2 2 
1.25 x 10 lumens/m , then the  f lux  a t  the  camera i s  Fd /16r2 ,  i n  which 
d i s  the diameter of  the sphere,  taken t o  be 0.3m. The exposure E a t  
t he  camera must be 8 x 10 
of 0.3 t o  0.4 logari thmic u n i t s  above background. 
accuracy i s  e = (lOO/E) x (B/v)(Fd /16 r )  , which i s  2.34%,  using the  
above numbers. I f  on ly  h a l f  t he  area of  t he  body be devoted t o  such a 
s p h e r i c a l  su r f ace  the  t racking accuracy would have t o  be about 1.2%. 
One would expect  t h i s  t o  b e  achievable wi th  t h e  he lp  of  telemetered da ta  
obta ined  during the  launch phase 
- 11 lumen-sec/m2 t o  achieve t h e  r e l i a b l e  dens i ty  
The requi red  t racking  
2 
The c o s t  of providing such a continuous t racking  f a c i l i t y  i s  
such as t o  reduce the  f a c e t  a rea  to  about ha l f  what i t  would have been 
f o r  the  cube. However, it i s  unfa i r  t o  levy a l l  t h i s  c o s t  aga ins t  
continuous t r ack ing ,  s ince  the  corners of t he  cube would be rounded-off 
anyway. In  add i t ion  t o  providing the  sphe r i ca l  su r f ace ,  i t  would be 
necessary t o  remove some ma te r i a l  t o  provide a s a l i e n t  moment of i n e r t i a .  
The des i r ed  adjustment would involve two f l a t s  on a sphere,  each having 
a diameter about 10% of the  spher ica l  diameter .  
t h e  sp in  a x i s ,  be loca ted  on the  sphe r i ca l  p a r t , o f  the  su r face ,  and 
These f l a t s  would loca te  
1 3  
se rve  as s p i n  facets,  s i n c e  l i t t l e  a r e a  i s  r equ i r ed  f o r  t h a t  func t ion .  
A complete model has been worked out based on a 3-inch diameter,  shown 
i n  F i g .  3. 
The s p e c i f i c a t i o n s  of t h i s  model s ca l ed  t o  a 0.3-m diameter 
o f f e r  t h e  following parameters: the s p h e r i c a l  diameter is  30 cm; t h e  
t o t a l  area o f  t he  s ix  facets 
each f a c e t  being 17.32 c m  i n  
t o - f l a t  diameter i s  24.5 cm; 
is  one-half t he  a r e a  of  t h e  30-cm sphere,  
diameter,  with an area of  236 cm ; t h e  f l a t -  
and the angles  of  the mirror normals r e l a -  
2 
t i v e  t o  the  s p i n  a x i s  are 42, 54 ,  and 72 degrees,  with provis ion f o r  two 
3-cm s p i n  f a c e t s .  
To begin the ca l cu la t ion  o f  photographic o b s e r v a b i l i t y ,  i t  i s  
i n t e r e s t i n g  t o  c a l c u l a t e  f i r s t  the s l a n t  range a t  which the  i n d i v i d u a l  
f l a s h e s  begin t o  be resolved.  For g r e a t e r  ranges,  the photographic 
exposure v a r i e s  i n v e r s e l y  with the s l a n t  range. For the  s h o r t e r  ranges,  
i t  v a r i e s  i n v e r s e l y  w i t h  the square o f  t h e  range. 
and a f l a s h  ra te  o f  100 Hz, t he  f l a s h  spacing along the o r b i t  i s  75 m. 
Th i s  subtends an angle  of 5 x 10 r a d i a n  f o r  a s l a n t  range of  2.5 x 10 m 
o r  2500 km. 
For a speed of  7 . 5  km/sec 
-5 6 
A t  a sp in  rate o f  100 Hz, the  maximum f l a s h  durat ion i s  
-2 2 
7 microseconds. Using a mi r ro r  area of  236 cm2 = 2.36 X 10 m , one 
sees," a t  a s l a n t  range o f  2500 km, a po r t ion  of t he  sun ' s  d i s c  through 11 
2.36 x 10-2/(2.5 x 106)2 = 0.38 x 
d i s c  subtends 0.68 x 10 s t e rad ian ,  a r educ t ion  i n  luminous f l u x  by t h e  
f a c t o r  0.56 x 10-loo Thus, t h e  inc iden t  f l u x  of  1.25 x 10 lumens/m 
becomes, a t  t he  camera, 0.7 x 10 lumen/m . At 7 microseconds, t h e  
s t e r a d i a n .  However, t h e  sun ' s  
-4  
5 2 
-5 2 
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F i g .  3 ,  Model of  Sphere mcd i f i ed  by c u b i c - o r i e n t e d  f l a t s ,  Half  o f  t h e  
o r i g i n a l  a r e a  cf t h e  sphe re  has been used f o r  t h e  f l a t s ,  I n  
a d d i t i o n ,  two s m a l l  f l a t s  are  p rov ided  t o  g e n e r a t e  a s a l i e n t  
moment o f  i n e r t i a  d e f i n i n g  a s p i n  a x i s ,  (For  t h e  model t h e s e  
s p i n  f a c e t s  have bee3 f i t t e d  w i t h  b e a r i n g s  s o  t h a t  t h e  model 
may be  suppor t ed  and spun i n  a yoke . )  The s p h e r i c a l  s u r f a c e  
p r o v i d e s  a f a c i l i t y  f o r  con t inuous  o r b i t  t r a c k i n g  t o  s u p p l e -  
ment t h e  s p i n - a x i s  t r a c k i n g  f a c  i l i t y  p rov ided  by t h e  r e f l e c t i n g  
f l a t s  
15 
2 exposure i s  4.9 x lo-'' lumen-sec/m . 
the  nominal value of  8 x 
This i s  a l i t t l e  more than h a l f  
c i t e d  above. 
Doubling t h e  s p i n  r a t e  would reduce t h e  r e so lv ing  range by 
h a l f ,  quadruple t h e  l i g h t  i n t e n s i t y ,  and ha lve  the  exposure t i m e ,  so 
t h a t  t he  exposure would be 9.8 x a t  t h a t  range, b u t ,  obeying t h e  
inverse-f i rs t -power law, f a l l  t o  4 . 9  x 10 a t  2500 km. Halving t h e  
s p i n  ra te ,  on the o t h e r  hand, would move the  r e so lv ing  range t o  5000 km, 
one of  no i n t e r e s t ,  but  would double the exposure a t  2500 km. A t  t he  
same t i m e ,  i t  would halve t h e  number of f l a s h e s  i n  the  p a t t e r n  and 
reduce t h e  accuracy i n  e s t ima t ing  t h e  cen te r  o f  t h e  p a t t e r n  i n  a way t o  
compensate t o  a degree f o r  the increased exposure f o r  i nd iv idua l  f l a s h e s .  
i - ii 
I n  t h i s  way, i t  i s  seen t h a t  t he  photographic e f f e c t  i s  no t  very s e n s i t i v e  
t o  s p i n  rate.  
The presen t  numbers tend t o  suggest a d e f i n i t e  need f o r  a four- 
f o l d  inc rease  i n  f a c e t  a r ea  such a s  would o b t a i n  f o r  a diameter of 0.6 m. 
A d e f i n i t i v e  r e s o l u t i o n  of such a ques t ion  m u s t ,  however, await a d e t e r -  
mination of t h e  r e l a t i o n  between the  accuracy of  measurement and t h e  
photographic exposure produced by t h e  f l a s h  p a t t e r n .  
Before tu rn ing  t o  t h a t  d i scuss ion ,  i t  may be noted t h a t  s t u d i e s  
involving t h e  u s e  o f  more s e n s i t i v e  cameras than t h e  Baker-Nunn, o r  t he  
u s e  of a combination of  photographic and p h o t o e l e c t r i c  da t a  a n a l y s i s ,  
have no t  y e t  been undertaken. 
Photographic Obse rvab i l i t y  and Accuracy 
The b a s i c  photographic s e n s i t i v i t y  of  t h e  Smithsonian 
As t rophys ica l  Observatory's  Baker-Nunn cameras, used i n  the  above a n a l y s i s  
16 
11 and reported previously,  
of  the satel l i te  sp in -ax i s -o r i en ta t ion  readout system. This s e n s i t i v i t y  
needs t o  be i n t e r p r e t e d ,  however, i n  t e r m s  of t h e  accuracy wi th  which the  
angular pos i t i on  of a f l a s h  p a t t e r n  may be est imated from t h e  Baker-Nunn 
photographs. Apart  from e r r o r s  i n  the  measuring apparatus  i t s e l f ,  e r r o r s  
i n  knowledge of  t he  p o s i t i o n  o f  cataloged s t a r s ,  and e r r o r s  involving 
the mechanical s t a b i l i t y  of  the photographic f i l m ,  observat ion e r r o r s  
from a s ignal- to-noise  competit ion involving f i l m  n o i s e  and a 
s i g n a l  represented as the  tapered,  symmetrical d e n s i t y  p a t t e r n  of  the 
photographed f l a s h  p a t t e r n .  
s igna l - s t r eng th  dependent, so t h a t  i t  would be important t o  be a s su red  
of s u f f i c i e n t  s i g n a l  s t r e n g t h  (photographic exposure) such t h a t  t he  
signal-dependent e r r o r s  would not be appreciably l a r g e r  than the  i n s t r u -  
mental e r r o r s .  
i s  a n  important f a c t o r  i n  t h e  o p t i c a l  design 
The l a t t e r  e r r o r s  may be expected t o  be 
The p resen t  experience i s  t h a t  "hard-edge" Baker-Nunn images, 
i n  which a usable  d e n s i t y  ( 0 . 3  logarithmic u n i t s  o r  more) is  developed, 
a l low a determination i n  pos i t i on  t o  wi th in  a b o u t +  1.1 seconds of arc.  
Th i s  number c o r r e l a t e s  w e l l  with the  nominal 10 seconds-of-arc r e s o l u t i o n  
f o r  t h e  camera, i s  compatible with the  requirements of  the r e l a t i v i t y  
experiment,  assuming some redundancy i n  observat ions during an undisturbed 
data- taking per iod,  and i t  should be regarded a s  a goal i n  f i x i n g  the  
minimum-acceptable photographic exposure f o r  t he  i n d i v i d u a l  f l a s h  p a t t e r n .  
That  minimum-acceptable exposure f i x e s  t h e  s a t e l l i t e  mi r ro r  ape ra tu re ;  
Prog. Report f o r  Sept . ,  O c t . ,  Nov., 1965 p.  1, Coord. Science 11 
Lab. , Univ of  I l l i n o i s  , Urbana, Ill. 
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but  places no 
be assured t o  
The 
bounds on the sp in  r a t e  so long as more than one f l a s h  may 
f a l l  w i t h i n  the i n t e r v a l  of r e s o l u t i o n  of  t h e  camera. 
minimum acceptable  exposure i s  being determined by two 
approaches, d i r e c t  photographic s imulat ion and computer-based s imulat ion.  
I n  each case, it i s  assumed t h a t  the e s t ima t ion  of  t h e  image c e n t e r  i s  
obtained by a weighted-average technique resembling a center-of-gravi ty  
e s t ima t ion .  This i s  i l l u s t r a t e d  schematical ly  i n  F ig .  4 .  The upper 
p a r t  o f  t he  f i g u r e  shows what a densitometer t r a c i n g  along the  long a x i s  
of a f l a s h  p a t t e r n  might r e v e a l ,  a roughly semic i r cu la r  envelope 
d i s tu rbed  by f i l m  no i se .  
Under c e r t a i n  circumstances, t he  optimal weighting procedure 
i s  known. I f ,  f o r  example, the no i se  i s  gaussian and uniformly a d d i t i v e ,  
the b e s t  weighting curve i s  t h e  d e r i v a t i v e  of  the envelope. Thus, under 
t h e s e  circumstances,  a parabol ic  envelope would d i c t a t e  a l i n e a r ,  o r  
t r u e  center-of-gravity,weight, giving the most emphasis t o  t h e  most 
s t e e p l y  s lop ing  p a r t s  of t he  undisturbed envelope. Optimal methods 
o f f e r  t he  advantage t h a t  approximately optimal methods a r e  n e a r l y  i n d i s -  
t i ngu i shab le  from opt imal .  Under r e a l i s t i c  circumstances,  t h e  n o i s e  w i l l  
n o t  be gaussian nor uniformly a d d i t i v e ,  and the  exact envelope shape w i l l  
be s u b j e c t  t o  f i l m  n o n l i n e a r i t i e s .  For these  reasons i t  i s  thought 
prudent t o  u s e  t he  theory only a s  a q u a l i t a t i v e  guide,  and t o  perform 
experiments w i t h  approximate weighting schemes a s  ind ica t ed  schematical ly  
i n  the lower h a l f  of F ig .  4 .  
The dashed curve i n  Fig.  4 i s  intended t o  suggest what might 
be an optimal weight f o r  the p a t t e r n  i n  the  upper p a r t  o f  t h a t  f i g u r e .  
* .  . . - I  
. 
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Fig .  4 .  I l l u s t r a t i o n  of center -es t imat ion  procedure. The upper ha l f  
shows , schematical ly  , a densitometer t r a c i n g  through a photo- 
graph of t h e  expected f l a sh  p a t t e r n .  A roughly semic i rcu lar  
envelope d i s tu rbed  by t h e  no ise  generated by t h e  g ra in iness  
of t h e  f i l m  is depic ted .  I n  t h e  lower h a l f ,  a t h e o r e t i c a l l y  
b e s t  weighting curve fo r  f ind ing  t h e  cen te r  (dashed l i n e )  is 
compared w i t h  a p r a c t i c a l  weighting scheme (bar  graph) which 
could be r e a l i z e d  using dens i ty  wedges and balanced photometry. 
a 
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Since one way t o  perform the weighting i n  p r a c t i c e  would be t o  superpose 
d e n s i t y  wedges upon t h e  image, and s ince  negat ive t ransmissions are n o t  
poss ib l e ,  i t  i s  proposed t h a t  two weighting funct ions be used, shown by 
t h e  bar  graphs i n  t h e  lower h a l f  of F ig .  4 .  
mirroz %-,ages n f  one another .  Their r e l a t i v e  pos i t i on ing  so that t r ans -  
mission through each i s  a s tandard amount and achieves exact e q u a l i t y  
provides the  e s t ima t ion  of  t h e  l o c a t i o n  o f  t h e  image c e n t e r .  
procedure i s  r e a d i l y  implemented i n  a photometric o p t i c a l  measuring 
machine t h a t  may be devised, f o r  example, a s  a modif icat ion of s tandard 
appa ra tus .  
The two are  t o  be exact 
Such a 
The procedure i s  a l s o  r e a d i l y  simulated i n  a computer. 
Computer Simulation 
For a computer simulation of  t h e  procedures descr ibed i n  
connection wi th  Fig.  4 ,  a r ea l i s t i c  s imulat ion of  f i l m  no i se  i s  r equ i r ed .  
Microdensitometer t r a c i n g s  of dens i ty  s t e p  wedges ,I2 made on red- 
extended Royal-X Pan, a r e  being prepared f o r  t h i s  purpose and recorded 
on punched paper tape.  Preliminary t r a c i n g s ,  recorded g r a p h i c a l l y  were 
ob ta ined  using an Ansco microdensitometer through t h e  cour t e sy  of  
D.  C .  O'Connor13 and t r ansc r ibed  t o  paper t a p e .  
on a d i g i t a l  computer, f i r s t  t o  prepare r e p l i c a s  of  the o r i g i n a l  t r a c i n g  
us ing  t h e  Calcomp p l o t t e r ,  so t h a t  t r ansc r ib ing  e r r o r s  could be checked 
These da t a  were processed 
12Courtesy o f  L .  H.  Solomon, Smithsonian 
I3Geodesy , I n t e l l i g e n c e  , and Mapping Research and Development 
Astrophysical  
Observatory.  
Agency, F o r t  Belvoir ,  V i rg in i a .  
. 
and removed. Then, s t a t i s t i c a l  processing r e s u l t e d  i n  a p r o b a b i l i t y  
d e n s i t y  histogram shown i n  F ig .  5 ,  and a n  a u t o c o r r e l a t i o n  p l o t  shown i n  
Fig.  6 .  
The a u t o c o r r e l a t i o n  p l o t  c l e a r l y  i n d i c a t e s  t h a t  t he  c o r r e l a t i o n  
is governed by the  a p e r t u r e  used i n  t h e  microdensitometer, 10 microns, 
so t h a t  the f i l m  no i se  has a f i n e r  s t r u c t u r e  than t h a t .  Since t h i s  i s  
less than the  20 microns corresponding roughly t o  t h e  Baker-Nunn reso-  
l u t i o n ,  such a r e s o l u t i o n  may be assumed f o r  t he  sampling i n t e r v a l  i n  the  
computer program, wi th  the  assurance t h a t  t he  n o i s e  i s  white r e l a t i v e  t o  
t h a t .  Thus, samples taken a t  such i n t e r v a l s  w i l l ,  i n  t he  s imulat ion,  be 
made to  be s t a t i s t i c a l l y  independent. 
Fu r the r  microdensitometer t r a c i n g s  w i l l  be made through the  
courtesy o f  P ro f .  K.  Yoss o f  t h e  Astronomy Department, using t h e i r  
Jarrel-Ash P ro jec t ion  Photometer, a t  20 micron r e s o l u t i o n .  P r o b a b i l i t y  
histograms l i k e  t h a t  shown i n  Fig.  5 w i l l  be c a l c u l a t e d  f o r  a v a r i e t y  o f  
average d e n s i t i e s .  The computer-simulated no i se  w i l l  be ad jus t ed  t o  f i t  
such d a t a ,  
Programming of  the computer s imulat ion has begun, and some 
t r i a l  runs have been made. When the  f i l m  no i se  s t a t i s t i c s  have a l l  been 
obtained,  so t h a t  t he  computer-simulated n o i s e  may be f i t t e d  t o  i t ,  i t  
w i l l  be p o s s i b l e  t o  make many runs a t  a v a r i e t y  of  peak-density l e v e l s  
and f i n a l l y  make a p l o t  of  measuring e r r o r  versus  peak dens i ty  (or 
exposure).  
4 
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DENSITOMETER VOLTRGE 
TRPE NOo 2 
Fig .  5. P l o t  of p r o b a b i l i t y  d i s t r i b u t i o n  measured from a specimen of 
red-extended Royal-X Pan f i lm.  
i n  u n i t s  of t h e  usua l  logarithmic measure of dens i ty .  
The "densitometer voltage" is 
= .  . 
. I s =  , 
I 0 
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F i g .  6 .  P l o t  of t he  au tocor re l a t ion  func t ion  f o r  t h e  f i l m  specimen of  
Fig.  3 .  
uncorre la ted  a t  d i s tances  g r e a t e r  than the  densitometer ape r tu re ,  
10 microns. 
The f i lm-graininess  noise  is  seen t o  be e s s e n t i a l l y  
4 
23 
Photographic Simulation 
A c y l i n d r i c a l  o p t i c a l  system has been designed by which 
d i s t o r t e d  images o f  t h e  sun 's  d i s c  may be photographed on 35 mm red- 
extended Royal-X Pan f i lm .  The sun ' s  d i s c  w i l l  be d i s t o r t e d  i n t o  a n  
e i i i p t i c a l  iiiiagc ~ 5 t h  m j o r  and minor axes of about 1800 and 10 seconds 
o f  arc ,  r e s p e c t i v e l y .  For t h e  long axis,  t h e  e f f e c t i v e  f o c a l  l eng th  of  
t h e  system matches t h a t  of t h e  Baker-Nunn camera so t h a t  t h e  o v e r a l l  
s imulat ion would be t o  scale. The o v e r a l l  r e s o l u t i o n ,  though n o t  y e t  
determined e x a c t l y ,  i s  expected t o  be broader than 10 seconds o f  arc ,  so 
t h a t  t he  i l l u m i n a t i o n  of  the l o n g ,  narrow image i s  expected t o  show a 
t ape r ing  i n  t h e  long d i r e c t i o n ,  which would be a rea l i s t ic  s imulat ion of  
t he  b r igh tness  d i s t r i b u t i o n  f o r  the g l i t t e r  p a t t e r n  of t he  satel l i te  
f l a s h e s .  
The o p t i c a l  p a r t s  are a t  hand, and work has begun i n  f i t t i n g  
these  par ts  t o  a Leica camera body equipped with a r e f l e x  housing. 
primary o p t i c a l  element i s  a p a i r  of convex, s h o r t  foca l - l eng th  cy l in -  
d r i c a l  mi r ro r s  arranged so t h a t  a double image w i l l  be formed. 
s i n g l e  o b j e c t i v e  l e n s  is a n  a s t igma t i c  r e f r a c t o r  whose c y l i n d r i c a l  and 
s p h e r i c a l  (20-inch f . 1 . )  components complement the  a s t i g m a t i c  p r o p e r t i e s  
o f  the c y l i n d r i c a l  m i r r o r s .  The image i s  expected t o  be b r i g h t  enough 
so t h a t  chromatic a b e r r a t i o n  may be c o n t r o l l e d  through the  u s e  o f  co lo r  
f i l t e r s ,  while t he  o v e r a l l  r e so lu t ion  may be c o n t r o l l e d  by a d j u s t i n g  t h e  
numerical  a p e r t u r e  which w i l l  be about f:50 a t  widest .  
The 
The 
It i s  proposed t h a t  the Jarrel-Ash p ro jec t ion  photometer, with a 
s p e c i a l l y - b u i l t  dual-photomultiplier measuring s t a t i o n  r ep lac ing  the  
. 
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standard one, be used t o  t r y  t h e  measuring technique o u t l i n e d  i n  an 
earlier s e c t i o n .  With matching dens i ty  wedges ac ross  the  divided s l i t ,  
and t h e  two ha lves  previously balanced on a uniform o r  blank image, t h e  
Mann measuring s t a g e  w i l l  be ad jus t ed  w i t h  the  simulated image i n  p l a c e  
u n t i l  balance i s  r e s t o r e d .  
image o f  t he  same frame. S t a t i s t i c s  w i l l  be accumulated f o r  t he  d i f f e r e n c e  
i n  measured p o s i t i o n  of the two images ,  f o r  many p a i r s  of  images, and 
also w i t h  exposure a s  a parametler. 
The proceciurz will he repeated f o r  t h e  second 
